The membrane-derived oligosaccharides (MDO) of Escherichia coli are periplasmic constituents composed of glucose residues linked by j-1,2 and P-1,6 glycosidic bonds. MDO are substituted with phosphoglycerol, phosphoethanolamine, and succinic acid moieties. The phosphoglycerol residues present on MDO are derived from phosphatidylglycerol (B. J. Jackson and E. P. Kennedy, J. Biol. Chem. 258:2394-2398 , 1983 ), but evidence as to the source of the phosphoethanolamine residues has been lacking. We now report that phosphatidylethanolamine, exogenously added to intact cells of E. coli, provides a source of phosphoethanolamine residues that are transferred to MDO. The biosynthesis of phosphoethanolamine-labeled MDO is osmotically regulated, with maximum synthesis occurring during growth in medium of low osmolarity.
phosphoethanolamine, and succinic acid moieties. The phosphoglycerol residues present on MDO are derived from phosphatidylglycerol (B. J. Jackson and E. P. Kennedy, J. Biol. Chem. 258: [2394] [2395] [2396] [2397] [2398] 1983 ), but evidence as to the source of the phosphoethanolamine residues has been lacking. We now report that phosphatidylethanolamine, exogenously added to intact cells of E. coli, provides a source of phosphoethanolamine residues that are transferred to MDO. The biosynthesis of phosphoethanolamine-labeled MDO is osmotically regulated, with maximum synthesis occurring during growth in medium of low osmolarity.
The membrane-derived oligosaccharides (MDO) of Escherichia coli are a family of periplasmic oligosaccharides composed solely of glucose residues linked by 1-1,2 and 1-1,6 glycosidic bonds (12, 18, 21) . MDO are multiply substituted with phosphoglycerol, phosphoethanolamine, and succinic acid moieties (12, 18, 21) . The phosphoglycerol moieties present on MDO are derived from phosphatidylglycerol (6, 7) , and about 90% of the total cellular turnover of phosphatidylglycerol may result from this reaction (19) . Phosphoglycerol transferase I, catalyzing this reaction, has been studied in vitro (6) and in vivo (1) by measuring the transfer of phosphoglycerol residues from phosphatidylglycerol to the 1-glucoside arbutin, a model substrate that substitutes for nascent MDO molecules. By analogy, it has been presumed that the source of the phosphoethanolamine residues of MDO is phosphatidylethanolamine, but direct evidence has been lacking. Recent attempts in this laboratory to develop an in vitro assay for the putative phosphoethanolamine transferase, with the use of model 1-glucoside acceptors such as arbutin, have been unsuccessful. It should be noted, however, that the level of in vivo transfer of phosphoethanolamine moieties to arbutin represents only about 5% that of the level of transfer of phosphoglycerol residues (6a). The in vitro activities of our preparations with arbutin as substrate may, therefore, have been below the limit of detection.
A second approach to the elucidation of the source of phosphoethanolamine moieties of MDO was therefore pursued. Previous studies by Jones and Osborn (8) 
MATERIALS AND METHODS
Bacterial strains and media. E. coli K-12 mutants defective in a locus designated mdoB lack detectable phosphoglycerol transferase I activity (7) . The bacterial strains employed were the isogenic pair PT245 (mndoB14) and PT247 (mdoB+). This pair was constructed (7) by transducing the E. coli K-12 strain PC0950 (thr25 purA54 mdoB+) to thr+ with a P1 vir lysate of PT114 (thr+ mdoB14). E. coli K-12 strain PC0950 was obtained from the E. coli Genetic Stock Center, Yale University, New Haven, Conn. E. coli K-12 strain PT114 is an tndoB14 derivative of strain RZ60 (7) .
Cells were grown in LB medium (14) at 37°C with vigorous shaking. Total cellular protein was determined by a modification of the method of Lowry (5).
Chemicals. Phosphatidylcholine was purchased from Sigma Chemical Co. (St. Louis, Mo.) and further purified by the method of Singleton et al. (20) . The purified lipid was stored in ethanol at -20°C at a concentration of 100 mg/ml. and co-workers (3). The reaction mixture contained CDPdipalmitin (0.67 mM), potassium phosphate (0.1 M, pH 7.4), bovine serum albumin (1 mg/ml), Triton X-100 (1 (6.4 Ci/mmol at a final concentration of 0.94 mM), phosphatidylserine synthase (0.89 mg/ml of protein), and phosphatidylserine decarboxylase (4,200 U/ml). The mixture was incubated for 1 h at 30°C with occasional shaking. The reaction was stopped by the addition of 5 volumes of 0.1 N HCl in methanol, followed by 15 20 ,ug of total cellular protein per ml. LB medium was modified so that the final NaCl concentration was 20 mM. Cells were then incubated at 37°C with vigorous shaking, and subsequent growth was monitored by measurement of A650. Growth was allowed to proceed for 3.5 h (three generations). Cells were then harvested by centrifugation. At this time, approximately 70% of the initial cell-associated radioactivity had been released into the growth medium. After harvest, the cell pellets were extracted and analyzed for labeled MDO as described below.
Isolation of radiolabeled MDO. a Sephadex G-25 column. Two radiolabeled peaks were observed (Fig. 1) . The first peak represented approximately 20% of the total trichloroacetic acid-extractable material and was eluted at a position expected for MDO.
Further analysis of the radiolabeled material that eluted with authentic MDO was performed by DEAE-cellulose column chromatography (Fig. 2) . Sephadex G-25 fractions were pooled and concentrated under nitrogen at 370C. The concentrated sample was then desalted by chromatography on a Sephadex G-15 (Pharmacia) column (1.1 by 52 cm) and eluted with 10 mM Tris hydrochloride (pH 7.4) in 7% (vol/vol) 1-propanol. The desalted sample was then applied to a DEAE-cellulose column. Fractions eluted from the column were assayed for radioactivity and for total carbohydrate (which was almost entirely that of the added carrier MDO). The pattern of radioactivity closely paralleled that of the carrier MDO, offering strong evidence that the labeled material was indeed MDO. (12) . The sample was cooled and neutralized with barium hydroxide. After removal of barium sulfate, the products were chromatographed on a Dowex-1formate column as described by Kennedy and co-workers (12) . Approximately 70% of the recovered 3H was found to chromatograph in a sharp peak with the phospho[1,2-14C]ethanolamine standard (Fig. 3) .
The biosynthesis of phospho[3lHlethanolamine-labeled MDO is osmotically regulated. Because the biosynthesis of MDO has been shown to be osmotically regulated (11), we examined the effect of extracellular osmolarity on the amount of phospho[3H]ethanolamine transferred from phosphatidylethanolamine to MDO. Cells of strain PT245 were harvested at the logarithmic stage of growth (from a 60-ml culture grown in LB medium) and suspended in 1 ml of 10 mM Tris hydrochloride (pH 7.5) containing 20 mM CaCl2 at a concentration of 9.9 mg of total cell protein per ml. Phospholipid vesicles were added such that the final phospholipid concentration was approximately 200 ,ug/ml, and a total of 4.22 x 107 cpm of phosphatidyl[3H]ethanolamine (specific activity, 1.1 Ci/mmol) was present. The suspension was incubated as described above. After the removal of unfused vesicles, the cell suspension was divided, and equal volumes were inoculated into two cultures (250 ml each) for subsequent growth at 37°C. One culture contained LB medium with NaCl at a final concentration of 20 mM, and the other culture contained NaCI at a final concentration of 300 mM. Growth was allowed to proceed for 3.5 h (three generations). Growth rates and final cell densities were similar for the two cultures. Cells were then harvested and extracted with 4% trichloroacetic acid as described above. Trichloroacetic acid extracts of cell pellets were examined by chromatography on Sephadex G-25 as described in the legend to Fig. 1 . Fractions (1 ml) were assayed for 3H. Results are expressed as 3H (cpm) per fraction and represent the total radioactivity extracted from each 250-nd culture. The arrow indicates the volume at which the peak for authentic MDO is expected. Symbols: 0, culture containing 20 mM NaCl; 0, culture containing 300 mM NaCl. to be a preferred source of phosphoglycerol residues that are subsequently transferred to MDO by phosphoglycerol transferase I (1).
The transfer of phosphoethanolamine residues to MDO from phosphatidylethanolamine may be catalyzed by an enzyme analogous to phosphoglycerol transferase I (6) . It should be noted that E. coli PT245 (mdoB14) and PT247 (mdoB +) both are capable of transferring phosphoethanolamine moieties to MDO. mdoB Mutants of E. coli lack detectable phosphoglycerol transferase I activity in vitro and synthesize MDO devoid of phosphoglycerol residues (7) . Our results indicate that phosphoethanolamine transfer to MDO is not mediated by phosphoglycerol transferase I. This conclusion confirms that of a previous study by Fiedler and Rotering (4) , who analyzed the substituents present on MDO produced by an mdoB mutant of E. coli. The MDO produced by this strain was found to lack phosphoglycerol residues, but phosphoethanolamine residues were present at levels approximately twofold higher than those of wild-type cells.
